Neuroglobin (Ngb), a member of the globin superfamily, was found in the brain of vertebrates and is suggested to play a neuroprotective function under hypoxic conditions by scavenging nitrogen monoxide (NO) through a dioxygenase activity. In order for such a reaction to efficiently take place and to minimize the release of reactive intermediates in the cytosol, the cosubstrates O2 and NO and other unstable reaction intermediates should bind sequentially to docking sites in the protein matrix. We have characterized the accessibility of these sites by analyzing the geminate CO rebinding kinetics to the heme moiety observed upon nanosecond flash photolysis of the Ngb-CO complex encapsulated in silica gels. The geminate rebinding phase showed a remarkable complexity, revealing the presence of a system of secondary docking sites where ligands are stored for hundreds of microseconds. Most kinetics steps display little temperature dependence, demonstrating that ligands can easily migrate through the cavities, except for the slowest reaction intermediate, possibly reflecting a structural conformational change reshaping the system of cavities. This conformational change is unrelated with distal His E7 binding to the heme, as it persists for the HE7L mutant. Overall, data are consistent with the presence of a discrete system of docking sites, possibly acting as reservoirs for the putative cosubstrates and for other reactive species involved in the physiologically relevant reaction.
H
uman neuroglobin (Ngb) is a recently discovered hexacoordinated heme-protein showing a classical globin fold (1, 2) . Its function is not fully clear, although the ubiquitous presence in the vertebrate subphylum, as well as its evolutionary conservation, hints at an essential biological role. The submicromolar concentration of Ngb in neurons is inconsistent with a myoglobin-like role in oxygen storage, as initially proposed (2) . A more recent hypothesis suggests a neuroprotective role (3) . When neuroglobin expression is suppressed, survival of cultured neuronal cells under these conditions decreases (4) . Ngb was shown to play a role in brain recovery from stroke (5) and transgenic mice overexpressing Ngb proved more resilient to experimentally induced cerebral and myocardial ischemia (6) . Cultured neuronal cells from transgenic mice overexpressing Ngb showed a decreased beta-amyloid toxicity (7) , suggesting a potential inhibiting role of Ngb in the onset of Alzheimer's disease.
The understanding of the physiologically relevant molecular mechanism through which globins perform their biological role is complicated by their overlapping and diverse ligand binding properties and chemical reactivity (8) . In the case of Ngb, the biochemical mechanism responsible for the suggested neuroprotective effect is currently unknown, although several hypotheses were put forward, including possible signaling of hypoxia, NO scavenging, radical scavenging, and NADH oxidation in anaerobic glycolysis (9) (10) (11) . Strong evidences suggest that the neuroprotective effect of Ngb might be directly or indirectly associated with an NO scavenging activity (12) . The increased resistance of cultured mice neurons overexpressing Ngb to toxic concentrations of NO seems to support this mechanism (13) . However, the efficiency of Ngb as a NO dioxygenase in vitro is comparable to that of other globins, both pentacoordinated and hexacoordinated (8) , and only the characterization of a specific reductase system in neuronal cells will confirm this role. The NO dioxygenase activity involves the displacement of the distal histidine by oxygen, the formation of at least a peroxynitrite intermediate with an NO molecule, the dismutation to nitrite and met-Ngb and the reduction of Fe 3ϩ to the functionally active Fe 2ϩ . Such a sequential reaction implies the coexistence of reactive species within the protein matrix, transiently located at secondary binding sites. The large and structured hydrophobic cavity identified in the crystal structure of deoxy Fe 3ϩ Ngb next to the heme binding pocket stands as a natural candidate to transiently host ligands and facilitate their diffusion to the heme (14) . Moreover, conformational changes associated to ligand binding, such as the heme sliding, detected for murine Ngb by X-ray crystallography (15) and by extended molecular dynamic simulations (16) , may lead to a significant reshaping of the internal cavity pattern also for human Ngb.
To experimentally evaluate the actual accessibility of cavities by the small gaseous ligands, assumed to be the physiological substrates of Ngb, we have performed flash photolysis experiments on carboxy Ngb (NgbCO) encapsulated in silica gel (17) (18) (19) and, as a control, the distal HisE7Leu mutant (HE7L NgbCO) (20) . Proteins embedded in silica sol-gel glasses are exemplary systems for the investigation of the influence of spatial confinement on biomolecular structure, dynamics, and function (21) . Trapping proteins in silica gels, in combination with viscosity modulation by viscogenic agents, allows the stabilization of individual protein conformations within the conformational space accessible in solution and favors otherwise poorly populated states, such as those where the ligand is loosely bound to docking sites within the protein matrix (18, 22, 23) . Furthermore, encapsulation in silica gels has been suggested to mimic the crowded environment in which biomolecules operate inside the cell, (24, 25) and might therefore be of help in understanding how functional properties are tuned by a crowded environment with respect to diluted solutions of the protein.
Under these conditions, the analysis of the enhanced geminate phase, which reflects the migration of the ligand through the internal cavities before it escapes to the bulk solution, allows for the determination of rate constants along different migration pathways (26) .
Results
When wt Ngb is trapped within the pores of silica gels and soaked in a buffered aqueous solution, the CO rebinding kinetics upon nanosecond flash photolysis shows an appreciable geminate recombination (Fig. 1A) , substantially larger than that observed for wt Ngb in solution (blue dotted curve, for a more thorough comparison see SI Appendix). The residual large fraction of bimolecular rebinding indicates that there still are highly efficient ligand escape routes that limit geminate recombination (27) . The bimolecular rebinding on the microsecond time scale competes with the binding of the distal His, which leads to the formation of a long-lived hexacoordinated species. The latter reaction occurs with a lower efficiency in the gel than in solution, with formation of a smaller fraction of hexacoordinated species, as indicated by the lower residual rebinding phase at t Ͼ1 ms. Since our main interest is in the short time scale kinetics, where ligand migration is expected to modulate rebinding, we do not report the longer time range, where His dissociation is known to occur (28, 29) .
Experiments at different CO concentrations allow distinguishing between the geminate and the second order rebinding phases. Panel A in Fig. 1, clearly shows that when the CO concentration is reduced fivefold, the kinetic trace remains unaffected at times shorter than about 1 s, whereas it becomes slower at longer times. As expected, the residual absorbance at 1 ms increases when the CO concentration is lowered, due to the higher efficiency of the competitive reaction of the endogenous His E7, leading to formation of bis-histidyl, hexacoordinated hemes (28, 30) . The lifetime distributions retrieved for CO rebinding kinetics to wt Ngb gels reported in Fig. 1B are characterized by a major band peaked at approximately 10 ns and two smaller amplitude peaks at approximately 270 ns and approximately 1.6 s, which are independent on CO concentration. Similar bands (with different amplitudes) (SI Appendix) are observed in the lifetime distribution obtained from the rebinding kinetics to wt Ngb in solution. The band at approximately 15 s observed at 1 atm CO is certainly related to the second order, bimolecular recombination, given its response to the change in CO concentration (the main band shifts to about 74 s at 0.2 atm CO). However, at least two CO concentration independent kinetic steps are overlapped to the second order event, as judged by the shoulders in the main bands of the lifetime distributions (Fig. 1B) . Dissociation of the distal His from the heme Fe occurs on a much longer time scale (Ϸ3 s) and is not reported in the plot. The finding of concentration-independent kinetic steps suggests migration of the photodissociated ligand to discrete docking sites, from which the ligand can rebind to the heme Fe at different rates. Four distinct such intermediates are identified in the lifetime distributions reported in Fig. 1B , for the gel. An analogous behavior is observed for wt Ngb solutions (SI Appendix).
Competitive binding of the endogenous His ligand is expected to occur on the 100 s time scale (28, 30) , partly overlapping to the second order CO recombination, and resulting in a broadening of the associated lifetime distribution. To better identify the role of the competitive binding of the distal His in the millisecond kinetics we prevented this reaction by introducing the HE7L mutation into Ngb (20) . As expected, the long lived reaction intermediate disappears while a transient in the microseconds time scale is found to persist in the rebinding kinetics reported in Fig. 1 A and in the associated lifetime distribution in Fig. 1B .
When wt NgbCO gels are soaked in glycerol, rebinding of the photodissociated CO predominantly occurs on the nanosecond time scale (Ϸ95% within one microsecond at 10°C) with several distinct kinetic phases. Panel C in Fig. 1 reports the rebinding kinetics observed for wt NgbCO gels soaked in glycerol and equilibrated at two different CO partial pressures (1 and 0.2 atm), along with the associated lifetime distributions determined from the MEM (Fig. 1D) . No effect of CO concentration is observed on the rebinding kinetics, indicating that the photodissociated ligand cannot reach the solvent phase and is rebound from within the protein matrix. Correspondently, ligands enter- ing from the solvent phase are a negligible fraction of the molecules rebinding on the experimentally accessible time scale. Fig. 1C also compares representative CO rebinding curves to wt NgbCO gels soaked in glycerol at 10 and 30°C. While the fastest phase displays only a weak temperature dependence, the bands at longer times clearly reflect a substantial thermal activation. In particular, the band at approximately 700 s at 10°C shifts to approximately 80 s at 30°C with a concomitant increase in amplitude. Overall, the increase in temperature leads to an enhancement of the slower components in the rebinding reaction.
To understand whether spectroscopically distinct intermediates can be associated to the several bands obtained by analysis of the kinetic traces measured at single wavelength, we measured time resolved spectra in the Soret region. The SVD analysis yielded only one meaningful component, with a spectral shape reproducing essentially the carboxy-deoxy difference spectrum, and a time course perfectly matching the kinetics measured at 436 nm, as shown in Fig. 2 . This finding suggests that the absorbance changes at 436 nm monitor the rebinding of CO to the heme, with little, if any, involvement of structural relaxations capable of perturbing the spectroscopic properties of the heme itself. Therefore, the kinetic steps highlighted by the MEM analysis in Fig. 1D mostly comprise contributions from CO rebinding from different locations. Binding of the distal His to the heme Fe is unlikely to occur under these experimental conditions, as expected on the basis of its rate, too small to allow for an effective competition with CO rebinding [see (30) and the numerical analysis reported in the following]. This is confirmed by the absence of a spectral change associated with the formation of a hexacoordinated species in the time resolved spectra. However, the small signal observed in the milliseconds (Figs. 1  and 2 ) greatly reduces the sensitivity to this process. The CO rebinding kinetics to HE7L Ngb gels soaked in glycerol, shown in Fig. 2 , rules out the possibility that the millisecond portion of the kinetics is due to binding (and dissociation) of the distal His. While rebinding of CO to HE7L Ngb on the short time scale is faster than for wt Ngb, the two signals perfectly overlap on longer time scales, thus proving that this portion of the kinetics is not due to binding to and subsequent dissociation from the heme of the distal His.
A minimal kinetic scheme (Scheme 1) can be sketched from the results of the MEM analysis, such as those reported in Fig.  1 , and considering the effects of confinement, viscosity, and of the HE7L mutation on the rebinding kinetics. After photodissociation of the CO complex of Ngb (NgbCO), the photodissociated ligand is in the primary docking site (Ngb p :CO) 1 , from which it can sequentially access four secondary sites (Ngb p :CO) 2 -(Ngb p :CO) 5 , or exit to the solvent (Ngb p ). On this time scale, the deoxy pentacoordinated species (Ngb p ) is in equilibrium with the deoxy hexacoordinated species (Ngb h ). The four distinct kinetic traps are necessary to obtain a satisfactory description of the rebinding curves under all experimental conditions (10-30°C, 0.2-1 atm CO, solution, gels, and glycerol soaked gels). Attempts to introduce a kinetic heterogeneity in the innermost reaction step (rate k -1 ) due to heme isomerism (31) lead to negligible improvements. A sample fit is reported in Fig. 3 for the CO rebinding kinetics to wt Ngb and HE7L Ngb gels at 10°C. To increase the confidence on retrieved parameters, microscopic rates were optimized at each temperature by simultaneously fitting the rebinding kinetics at different CO partial pressures. Microscopic rates retrieved from the numerical analysis and their activation energies are available as SI Appendix, Tables S2 and S3. After photolysis of the CO complex, the ligand very quickly reacts with the heme (k -1 ϭ 1.2 ϫ 10 7 s Ϫ1 at 20°C) and migrates to an alternative docking site (k c ϭ 1 ϫ 10 8 s Ϫ1 at 20°C), from which it has access to a multiple step pathway (next intermediate is populated at k d ϭ 1.9 ϫ 10 7 s Ϫ1 at 20°C), which ends into a very effective trap, capable of hosting the gas for a few hundred microseconds in the investigated temperature range. The presence of a very long lived kinetic trap, distinct from the competitive binding of the distal His, is confirmed by ligand rebinding to HE7L Ngb, for which the bis-histidine hexacoordinated species is absent (20) , but still a long lived intermediate is formed upon photolysis under all tested experimental conditions. Scheme 1 can be adopted also to describe the observed kinetics for glycerol soaked Ngb gels, in which exit to the solvent appears to be suppressed. At high viscosity, the exit rate k 2 is much smaller than the rates k -1 and k c , while the sequential migration is preserved. Representative fittings are presented in SI Appendix, Fig. S3 , while SI Appendix, Table S2 summarizes the microscopic rates obtained from the analysis. With no chance to exit to the solvent, the ligand rapidly migrates to the first kinetically connected docking site, eventually reaching a long lived trap, from which the diatomic gas is rebound very slowly (k -f Ϸ10 4 s Ϫ1 at 20°C). The fraction of these molecules accounts for a few percent at 10°C, but rises up to almost 10% at 30°C, although the return rate is accordingly higher. Most of the rates display little temperature dependence, thus these reactions are characterized by small, although detectable, enthalpic barriers (SI Appendix, Table S2 ). Microscopic rates and activation energies for HE7L Ngb reported in SI Appendix, Table S3 are similar to those of the wt protein, with a slightly higher value for k -1 , accounting for the observed faster rebinding. In particular, the large activation energy observed for the rate k -f is unaffected by the HE7L mutation.
Discussion
The geminate phase in ligand rebinding kinetics to Ngb exposes a series of ligation intermediates, consistent with the presence of a discrete series of temporary docking sites, through which the photodissociated ligand migrates. The internal migration is strengthened by the use of silica gels and glycerol to enhance geminate recombination. This effect is typically attributed to a decrease in protein structural mobility that hinders the escape of the photolyzed ligand from the protein interior into the surrounding solvent. It has been suggested that the inf luence of the confined solvent could be partly responsible for the altered dynamics observed (32) . Confinement and enhanced viscosity do not appear to change the quality of the observed migration pattern, and, to some extent, may even mimic the physiological conditions inside the cell (24, 25) . Indeed, the time course of the populations of reaction intermediates obtained for Ngb gels is essentially identical to the one observed for Ngb solutions, the only difference being the higher efficiency of the internal migration route observed for gel embedded samples (SI Appendix).
Most observed kinetic steps are characterized by small enthalpic barriers, with the remarkable exception of the return rate from the last intermediate. The substantial barrier to be overcome in this step demonstrates that significant motion of the protein structure must occur. This could be due to the presence of a bulky amino acid side chain like, for instance, Ile-27 and/or Leu-113 in Fig. 4 (NgbCO modeled structure), which has to swing out of the return path to allow movement of the CO.
An alternative view considers that the photodissociated CO complex relaxes with time to the structure determined for unliganded Ngb, which is characterized by a different cavity pattern with respect to the CO-bound form. Rearrangement of internal cavities and tunnels upon ligation, as consequence of a remarkable ligand-induced heme sliding, has been demonstrated for murine Ngb using X-ray crystallography (15) . The dynamic properties of the cavities and their reshaping upon ligand binding have been analyzed by extended MD, indicating that heme sliding occurs on the 100 ns time scale (33) . Thus, we cannot exclude that structural changes following photolysis may contribute to some extent to the observed kinetics. Effects may be subtle and may result in minor changes in the activation barriers, such as those observed for the ligand migration steps in HE7L Ngb, in comparison to the ones determined for the wt Ngb. Figure 4 compares the cavities identified in the crystal structure of ferric human wt Ngb (left, PDB code 1OJ6) (1) and in the structure of liganded human wt Ngb, built by homology modeling using the structure of murine NgbCO (PDB code 1W92) as a template (right, see SI Appendix). We have estimated the surface of the cavities in unliganded wt Ngb as 406 Å 2 and their volume as 237 Å 3 . The cavities in the modeled liganded structure have an area of 505 Å 2 and a volume of 304 Å 3 . Ligation leads to a substantial increase in cavity size (Ϸ30%). Moreover, simple visual inspection immediately reveals that the shapes and the locations are quite different in the two cases. In the liganded protein, the distal cavity is connected to an extended and structured system of hydrophobic cavities, gated by mobile side chains, possibly involved in the regulation of ligand migration between the cavities. The existence of break points in the system of cavities suggests possible mechanisms for regulation, involving protein dynamics at the level of specific amino acids, which may be held responsible for the activation barriers between reaction intermediates. Dynamic regulation of the exchange between cavities was demonstrated by extended molecular dynamics on murine NgbCO (33) . The direct connection between the heme distal side and the cavity observed in the liganded structure may be of relevance to the putative NO dioxygenase activity (12, 16, 34) , for which binding of the first ligand (oxygen) may trigger the conformational change to favor reaction of the second reactant (NO) with the oxygenated protein through a second, possibly dynamic, access pathway, likely involving the identified cavities. The observed high reaction rate was suggested to derive from the prompt delivery of the second reactant (NO) from a temporary binding site. The precise structural identity of reaction intermediates is at present unknown and will require further structural and functional investigations taking advantage of X-ray crystallography, molecular dynamics, site directed mutagenesis, and CO rebinding kinetics in the presence of Xe high pressure. Recent molecular dynamics simulations on human Ngb allowed to detect multiple diffusion paths with four ligand binding cavities, providing some structural counter parts to the kinetic intermediates (35) . It is interesting to consider the free energy profile for ligand migration, presented in Fig. 5 . The stability of each trap is only slightly affected by increasing viscosity (e.g., for state (Ngb p :CO) 5 the free energy decreases by 0.3 kcal/mol), while transition states have generally higher energies (e.g., the energy of the transition state between (Ngb p :CO) 2 and (Ngb p :CO) 3 increases by 1.4 kcal/mol). Mutation HE7L also results in similar effects on the stability of intermediates and transition states, with an increase of about 1 kcal/mol. Interestingly, the free energy determined for the reaction intermediates is not dramatically different from the values obtained in simulated diffusion dynamics (35) .
It is worth to recall that signatures of ligand migration inside murine neuroglobin were found in temperature derivative spectroscopy FTIR (TDS-FTIR) experiments (28) . Spectral changes near 2,134 cm Ϫ1 around 20 K were taken to represent ligand migration from a site associated with the B 0 band to an alternate site, denoted C, with markedly increased effective recombination barriers. Rebinding occurred predominantly from this site above 30 K, as seen from the tail of negative contours at 2,134 cm Ϫ1 toward higher temperatures. The activation enthalpy determined from the low temperature experiments (8.4 Ϯ 1.1 kcal/mol) compares well with the activation enthalpy we determined for the rate k -c for the protein in the gel (5.6 Ϯ 0.7 kcal/mol) and in solution (6.7 Ϯ 0.9 kcal/mol). No additional temporary docking sites were detected by TDS-FTIR, likely because of the low temperatures at which these experiments are performed. By comparison, more complex ligand migration patterns were identified in wild-type myoglobin and some of its mutants (36, 37) .
The finding of a time-extended geminate rebinding due to migration through a complex system of cavities is common to other hexacoordinated hemoglobins for which they have also been postulated to be of functional relevance in their NOdioxygenase activity. Ligand rebinding to gels of type 1 nonsymbiotic hemoglobin from A. thaliana exposes a multiphasic geminate rebinding, which was rationalized on the basis of the assumed migration through a system of interconnected hydrophobic cavities, identified in the modeled structure. A substantial fraction of photodissociated molecules escapes out of the protein matrix even under extreme viscosity (19, 22) . Similar complex kinetic patterns were found in the CO geminate recombination to truncated hemoglobins from P. caudatum and C. eugametos (38, 39) . Mechanistic insight into the NO dioxygenase activity of truncated trHb N from M. tubercolosis was obtained from molecular dynamics simulations. For this protein, a selective, dual path, access mechanism for O 2 and NO to the reaction site is assisted by the internal hydrophobic cavities and tunnels, and is regulated by protein dynamics triggered by ligand binding (40, 41) .
Concluding Remarks. A thorough analysis of CO rebinding kinetics upon nanosecond laser photolysis allows for the identification of a reaction scheme consistent with migration of the photodissociated ligand through a complex system of internal cavities, whose interconnection is regulated by protein dynamics. The escape of the photodissociated ligands to the solvent is completely inhibited for NgbCO gels bathed in glycerol, while efficient migration to remote cavities is still observed. Although the process is easily detected for proteins encapsulated in silica gel and at high viscosity, the migration appears to take place also in dilute solution at room temperature. The presence of multiple binding sites allowing temporary docking of small gaseous ligands for relatively long times, up to several hundred microseconds, is consistent with an NO dioxygenase activity, in which two substrates are required to react sequentially with the heme. Coupling of the ligand migration pathways with protein conformational changes may be functional in selecting the specific sequence of events in the NO dioxygenase reaction. Finally, we believe our results on Ngb gels can help understanding of protein functionality in the often crowded physiological environment in which biomolecules normally operate.
Materials and Methods
Sample Preparation. Wild-type human Ngb and the HE7L mutant were heterologously expressed as previously described (20) . Reduced samples were prepared by reacting the purified proteins with 10 mM DTT overnight. The encapsulation of Ngb in silica gels was carried out following a previously described protocol (42) .
Kinetic Experiments and Data/Analysis. The CO rebinding curves were measured by monitoring changes in absorbance at 436 nm or by measuring transient spectra in the Soret band after nanosecond laser photolysis at 532 nm with a 1 and NgbCO has been arbitrarily set to 0. Open diamonds are the free energies for CO docking into distal pocket, Xe4, Xe2, and Xe3 cavities as determined by computer simulations (35) .
